The spectroscopic quadrupole moments of the 11 − and 12 + isomers in 192,194 Pb, described by the 3s −2 1/2 1h 9/2 1i 13/2 intruder two-proton and 1i 2 13/2 two-quasineutron configurations, respectively, have been investigated by the method of time-differential observation of the γ-ray perturbed angular distribution. The derived values are |Q s |(12 + , 192 Pb) = 0.32(4) eb, |Q s |(11 − , 192 Pb) = 2.9(3) eb and |Q s |(11 − , 194 Pb) = 3.6(4) eb. The 8 + 2304 keV and 9 − 2514 keV states in 192 Pb have been identified as isomers, with half-lives of 3.9(3) and 3.3(3) ns, respectively. The experimental spectroscopic quadrupole moments for the 11 − and 12 + isomers in neutron deficient Pb nuclei have been described in the frame of the pairing plus quadrupole model. The intrinsic quadrupole moments and deformation of the 11 − isomers are compared with the predictions of mean-field and interacting boson models.
experimental and theoretical interest. As a result of the shell closure at Z=82, they are spherical in the ground state, but the interplay between single-particle motion, collectivity, and pairing leads to a rich variety of coexisting structures at relatively low energies [1, 2] . The observation of low-lying excited 0 + states is one of the essential experimental fingerprints. Detailed α-and β + /electron capture-decay studies have evidenced the systematic presence of such states in all even-even Pb isotopes between A=184 and A=200 [3, 4] . On the other hand, information concerning lowlying rotational bands was provided by in-beam studies using fusion-evaporation reactions [5] [6] [7] [8] . A spectacular situation is offered by the neutron midshell N =104 nucleus 186 Pb, with the spherical ground-state and two lowest excited 0 + states of prolate and oblate deformation [4] . The triple-shape coexistence in this nucleus was confirmed in very recent in-beam spectroscopic and lifetime studies [7, 8] .
The theoretical investigation of the shape coexistence in the Pb region makes use of two complementary approaches. In the shell-model approach, the deformed states in Pb nuclei are associated with multi-particle multi-hole (mp − mh) proton excitations across the Z=82 gap [1] . The excitation energies of the intruder states are lowered by the residual proton-neutron interaction. Deformed oblate and prolate shapes are associated in this description with proton 2p − 2h and 4p − 4h intruder configurations, respectivelly. The proton particle-hole excitations cannot be easily handled in full-scale shell model calculations, therefore they are treated in the framework of algebraic models, such as the interaction boson model (IBM) [9] . In a very different picture, calculations using a deformed mean-field approach show the coexistence of energy minima of different shapes [12] . Several variants of the selfconsistent mean-field method have been developed using either a Skyrme [13] or a Gogny [14] interaction. Detailed treatments including configuration mixing have been recently performed within both mean-field [13] and IBM [10, 11] to calculate excitation energies as well as quadrupole moments of the coexisting states.
An interesting feature of the Pb nuclei is that the shape coexistence shows up also in the presence of isomeric states involving quasiparticle excitations. In the even-mass 188−196 Pb isotopes, spherical high-spin isomeric states described by twoquasineutron configurations are coexisting with 11 − isomers involving the 2p − 2h π3s −2 1/2 1h 9/2 1i 13/2 intruder configuration. Enhanced E3 transitions from the 11 − isomers, with strengths in the range 20-30 W.u., were recently reported in 190−196 Pb by Dracoulis et al. [15, 16] and interpreted as an evidence that these states are oblate-deformed.
The coexisting isomeric states in Pb offer the opportunity to investigate their static quadrupole moments and therefore to provide direct fingerprints for nuclear shape coexistence. Such moments were reported in 194−200 Pb for the 12 + isomeric states described by the 1i 2 13/2 two-quasineutron configuration and rather small values, Q s ≤ 0.8 eb, were found, pointing to almost spherical shapes [17, 18] . As concerns the intruder 11 − isomers, spectroscopic quadrupole moments have been recently measured in 194, 196 Pb by applying the level mixing spectroscopy (LEMS) tech-nique [19, 20] and much higher values (e. g. |Q s | (11 − , 196 Pb)=3.6(6) eb [19, 21] ) have been reported, indicating a larger deformation associated with the intruder excitation. The aim of the present work was to extend the experimental information about static moments of coexisting states in light Pb nuclei, for a detailed comparison with the theoretical predictions. • with respect to the beam direction, were used to detect the γ rays. The time resolution for the planar detectors was about 10 ns and 7 ns at energies of 200 keV and 550 keV, respectively. For the detectors of 20% efficiency the time resolution at 550 keV was about 10 ns.
In the off-line analysis of list-mode data, two-dimensional matrices of energy versus time were formed for each detector. From these matrices time-gated energy spectra and energy-gated time spectra were constructed. The analysis of γ-ray intensities obtained from energy spectra coincident with the beam pulse (prompt spectra) and with various time intervales in-between the pulses (delayed spectra) provided information on the isomer population yields and on the branchings at different levels. The direct population of the 12
Pb was found dominant, representing ≈60% from the reaction channel, while that of the 11 − isomeric state was ≈3 times weaker. In Lifetimes of the isomeric levels were determined from the analysis of time spectra for selected delayed γ rays. Illustrative time spectra obtained for
192
Pb are presented in Fig. 2 . The half-lives of the known isomers were found in agreement with previ- Table 1 E2 transition strengths determined in this work ( 192 Pb) and in Refs. [16, 23] ( 194 Pb), [16, 24] ( 196 Pb), [25] ( 198 Pb) and [26] ( 200 Pb). Pb [16, 23] . In addition, short-lived components were found for the transitions depopulating the 8 13/2 two-neutron configuration [16] . On the other hand, the E2 transition from the 8 + state described also as an intruder two-proton excitation [16] is not so hindered, indicating large admixtures of deformed proton intruder configurations in the structure of the 6 + state. An increase of the mixing is expected when going toward lighter Pb isotopes, as discussed in [27] . This is supported by the experimental B(E2) values which increase with the decrease of the neutron number. The same trend is observed also for the 9 − → 7 − transition strength, pointing to an increased collectivity when approaching the neutron midshell.
The time spectra, background subtracted and normalized, were used to construct the experimental ratios R exp (t) = [I(t, θ 1 ) − I(t, θ 2 )]/[I(t, θ 1 ) − I(t, θ 2 )], where
• , and θ 2 =90
• . They were least-squares fitted to the expression:
with the angular distribution coefficient A 2 and the quadrupole interaction frequency ω o = 2π/T 0 as free parameters. The spin-dependent s 2n coefficients in the theoretical expression (1) are tabulated in ref. [29] for an axially symmetric randomly oriented EFG. For an integer spin the modulation spectra are periodic with the basic repetition quadrupole period T 0 given by T 0 = 4I(2I − 1)/3ν Q , where isomer is subject to a superposition of two interactions producing a smearing-out of the perturbation pattern. The isotropic behaviour of this component has as effect the reducing of the observed "effective" angular distribution coefficient, as observed experimentally in the TDPAD spectra of Fig. 3 . The reduction is stronger in state one has to take into account also the other isomers present in the decay scheme (see Fig. 1 ). This was important in the case of 192 Pb, due to the longer lifetime of the 10 + isomer (see Fig. 1 ). The theoretical curve was calculated by applying a two-level formalism [30] , with lifetimes and relative feeding of the 12 + and 10 + isomers taken from the analysis of the growth-decay curve (see Fig 2) . The perturbation due to the shorter-lived states was found negligible.
The deduced ν Q values were 96 (6) Pb) = 3.6(4) eb has been deduced, in fair accordance with the previously reported value of 4.8(7) eb, derived with the LEMS method by applying a double perturbation analysis [20, 21] . 1/2 1h 9/2 1i 13/2 intruder configuration. We note that they are identical in 194, 196 Pb, while the |Q s | value in Pb [15] .
The experimental spectroscopic quadrupole moments are compared in Fig. 4 with the calculations performed with the pairing plus quadrupole tilted axis cranking (PQTAC) model which was used to describe the observed magnetic rotational bands in light lead nuclei [28] . In the calculations, the neutron pairing was taken as 0.75∆ oe , with ∆ oe the experimental odd-even mass difference. The quadrupolequadrupole coupling constant, which controls the size of the deformation, has been adjusted in order to reproduce the experimental quadrupole moment of the ν(1i 13/2 ) osc , where r osc is the oscillator length [28] . The calculations for the 12 + states were performed essentially within the pairing plus quadrupole (PQ) model, as in these cases there is no tilted angle and rotation. As seen in the Fig. 4 , the experimental data are nicely reproduced by these calculations which predict a decrease of the Q s with the decrease of the neutron number due to the change in the occupation number of the neutron 1i 13/2 orbital. A sign changing is predicted at the 188 Pb nucleus where the i 13/2 neutron excitation changes from a hole-type to a particle-type character. The 11 − states were calculated to be oblate deformed, with a moderate quadrupole deformation parameter varying from β 2 = -0.13 for 
The corresponding quadrupole deformation parameter β 2 was derived with the for- Pb in the framework of the HartreeFock-Bogoliubov (HFB) method with a Skyrme interaction and density-dependent pairing force [31] . The 11 − states were constructed fully self-consistently as twoquasiparticle excitations built on top of the excited 0 + oblate states. As seen in Fig. 4 , the HFB calculations predict Q 0 values that are very slightly increasing with decreasing N , and deformation parameters varying from -0.17 to -0.19. Similar deformations were calculated for the 11 − isomers by the method of K-constrained diabatic potential-energy surfaces, using a deformed Woode-Saxon potential [16] . In Fig. 4 are also given for comparison the intrinsic quadrupole moments derived in the framework of the interacting boson model for the unperturbed 2p − 2h oblate band in 186−196 Pb [11, 32] . They were obtained with the same set of parameters in the IBM Hamiltonian [10] , except for the initial energy of the intruder excitations [11] . The IBM values show a more pronounced dependence on the neutron number, and are somewhat smaller than the mean-field calculations. Note however that they are the lower limits for the |Q 0 | values, obtained in the assumption that the oblate band is a pure K=0 band.
The slightly smaller static quadrupole moment measured for the 11 − state in 192 Pb compared to the heavier nuclei 194, 196 Pb, in disagreement with the theoretical predictions for a pure oblate state, can possibly be viewed as an evidence for shape mixing. An increased mixing of spherical and/or prolate configurations might be present in
Pb either in the structure of the 0 + 2 oblate state on top of which is constructed the broken pair proton excitation, or in the structure of the high K state itself. Note that a complex structure of the 11 − state, involving possible K mixing, was suggested also by the properties of the irregular band structure built above it, as discussed recently by Dracoulis et al. [6] .
In summary, the pulsed beam TDPAD method has been applied for precise spectroscopic quadrupole moment determinations in 192, 194 Pb nuclei. The quadrupole moments for the 11 Pb was remeasured with an increased precision. The systematics of known spectroscopic quadrupole moments in light Pb nuclei illustrates their sensitivity to the complex structure of coexisting states. More experimental data on quadrupole moments is necessary to have more insight into the detailed structure of the quasiparticle excitations built on coexisting minima in neutron-deficient Pb nuclei.
